Listeria monocytogenes is a significant food-borne human and veterinary pathogen. Contaminated silage commonly leads to disease in livestock, but the pervasive nature of the bacterium can make it difficult to identify the source of infection. An investigation of bovine listeriosis that occurred on a Pacific Northwest dairy farm ("farm A") revealed that the clinical strain was closely related to fecal strains from asymptomatic cows, and that farm environment was heavily contaminated with a diversity of L. monocytogenes strains. In addition, the farm A clinical strain was closely related to clinical and environmental strains obtained 1 year prior from a second Northwest dairy farm ("farm B"). To investigate the source(s) of contamination on farm A, environmental samples were collected from farm A at two time points. Pulsed-field gel electrophoresis characterization of 538 isolates obtained from that farm identified 57 different AscI pulsovars. Fecal isolates obtained from individual cows were the most genetically diverse, with up to 94% of fecal samples containing more than one pulsovar. The maximum numbers of pulsovars and serotypes isolated from a fecal sample of one cow were 6 and 4, respectively. Serotype 1/2a was isolated most frequently at both time points. Microarray genotyping of bovine listeriosis, fecal, and silage strains from both farms identified four probes that differentiated listeriosis strains from environmental strains; however, no probe was common to both bovine listeriosis strains.
Listeria monocytogenes is a gram-positive, facultative intracellular bacterial pathogen capable of causing serious disease in animals and humans. L. monocytogenes infection of cattle and sheep can lead to abortion, central nervous system disease, and death. Although the feeding of poor-quality silage is thought to be the main source of on-farm infection, the ubiquitous distribution of L. monocytogenes makes identification of the source(s) of infection difficult.
Human listeriosis accounts for approximately 2,500 cases and 500 deaths each year (12) . Although relatively rare compared to other food-borne diseases, listeriosis frequently presents with serious complications, including meningitis, septicemia, endocarditis, nonmeningitic central nervous system infection, febrile gastroenteritis, or abortion in people with predisposing conditions. Neonates, elderly, and immunocompromised patients are particularly at risk.
Ready-to-eat meats, milk, and milk-related products have been implicated in several outbreaks of listeriosis (17) . The organism is excreted in the feces of healthy cows for months to several years (11, 20) , and it has been hypothesized that fecal and mammary contamination serve as sources of contamination of raw milk at the dairy farm (24) . Raw milk has been suggested as a source of L. monocytogenes in the dairy processing environment (8) . However, because L. monocytogenes is widely distributed in the environment, the source(s) of L. monocytogenes in food-borne illness and the role of domestic animals in the contamination of dairy products both pre-and postprocessing are not clearly understood.
We describe here the use of molecular epidemiological methods to investigate two bovine listeriosis cases that occurred on a Pacific Northwest dairy farm ("farm A"). Sampling and testing of the farm A environment revealed that the entire environment was heavily contaminated with L. monocytogenes. The silage was improperly stored, resulting in pockets of high pH and fungal contamination, and numerous L. monocytogenes isolates were obtained from silage samples and many other environmental samples. A second visit to farm A 9 months later revealed that although the storage conditions of the silage had improved, L. monocytogenes contamination persisted throughout the farm environment. However, despite the high levels of contamination, no new listeriosis cases had been reported. In order to identify the source(s) of the listeriosis cases and to investigate the ecology and epidemiology of various L. monocytogenes subtypes on farm A, 538 isolates were subtyped by using serotyping and pulsed-field gel electrophoresis (PFGE). Comparison of the pulsovars present on farm A with regional subtypes (4) revealed that the farm A bovine clinical isolate had a pulsovar that was closely related to that of another bovine listeriosis isolate collected from a different dairy farm in the region ("farm B"). To identify genetic differences between farms A and B clinical strains and the closely related environmental strains from farm A, these strains were further subtyped by using DNA microarray analysis (2, 5, 7).
were performed as described previously (5) . All probes (n ϭ 606), excluding misprinted probes, were used for data analysis. Misprinted probes were identified by annealing two L. monocytogenes strains representing both major phylogenetic divisions to the microarray at a low stringency (hybridization temperature of 40°C versus 55°C) to allow all probes present to be visualized. For dendrogram construction, probes with normalized intensity readings of Ͻ0.4 were assigned a score of "1," probes with normalized intensity readings greater than 0.4 but less than 0.7 were scored as "2" (treated as ambiguous data in the phylogenetic analysis), and probes with normalized intensity readings of Ͼ0.7 were scored as "3." A matrix was constructed and processed with PAUP (ver. 4.0b8a; Sinauer Associates, Inc., Sunderland, MA). Bootstrap confidence values (n ϭ 100 iterations) were calculated for the nodes in the dendrogram, and the UPGMA and Treeview (14) were used to construct a dendrogram that summarized genetic relationships between samples. Probes of interest were identified by using discriminant function analysis (NCSS Statistical Software, Kaysville, UT) and visual examination of the normalized microarray data.
Statistical analysis. 
RESULTS
One hundred and eight samples were collected from the first two visits to farm A in May 2002 (TP 1), and 247 isolates were characterized by PFGE. One hundred and three samples were collected from a visit to farm A in February 2003 (TP 2), and 291 isolates were subtyped by using PFGE.
Ninety-seven percent (32 of 33) of farm A fecal samples were positive at TP 2 compared to 56% (32 of 57) positive fecal samples at TP 1. The significant difference between time points may be due to the fact that cows that had previously tested positive for L. monocytogenes were specifically retested at TP 2. Therefore, to determine whether the percentage of positive fecal samples differed between time points, data from the fecal samples of cows tested only at TP 2 (n ϭ 9; all positive) were compared to TP 1 data, and the difference was significant (P ϭ 0.01; Fisher exact test).
A total of 46% (11 of 24) of farm A silage samples were positive at TP 1, and 29% (8 of 28) TP 2 silage samples were positive. A total of 33% (3 of 9) of commodity samples were positive at TP 1, and 45% (5 of 11) were positive at TP 2.
The pH was recorded for a subset of TP 1 silage samples (n ϭ 20). Thirteen samples were classified as low pH (pH Ͻ 4.5), and seven samples were classified as high pH (pH Ͼ 4.5).
Fifteen of the silage samples tested negative for L. monocytogenes, and five samples were positive. The average pH of the positive samples was 6.1 compared to an average pH of 4.4 for the L. monocytogenes-negative samples (18) . The difference between the average pH of negative and positive samples was statistically significant (P Ͻ 0.05).
Reoccurrence of PFGE subtypes in asymptomatically shedding cows. Individual fecal samples from 20 cows from farm A were tested at both time points. Of the 20 samples, 12 had different AscI pulsovars present at the different time points. The remaining eight cows had one to two of the same pulsovars present in their feces at both time points; however, fecal samples from five of these eight cows also contained other pulsovars that were not present at both time points.
Serotype diversity. Serotype 1/2a was the most prevalent serotype on farm A for both time points, with 77 and 83% of all samples belonging to serotype 1/2a at TP 1 and TP 2, respectively (Fig. 1) . A total of 9% of the samples were sero- We found that 14% of the samples were serovar 4 (4b, 4ab, or 4e) at TP 1, and this decreased to 6% at TP 2; the difference between the time points was statistically significant (P Ͻ 0.01). PFGE subtype diversity. PFGE characterization of farm A isolates by using AscI digestion identified 57 different pulsovars present on the farm and 58 subtypes (one pulsovar included two different serotypes [sample ID 0836, Fig. 2] ). Twelve subtypes were unique to TP 1, and 27 subtypes were unique to TP 2. Simpson's index of diversity (10) was calculated for both time points to estimate the genetic diversity present in the populations sampled at the two time points. The genetic diversity was calculated to be 0.874 and 0.912 for TP 1 and TP 2, respectively.
Of the 58 subtypes detected, 32 (55%) were serotype 1/2a, 9 (16%) were serotype 1/2b, 13 (22%) were serotype 4b, 3 (5%) were serotype 4e, and 1 (2%) was serotype 4ab. Twenty-two patterns were unique to feces, seven were unique to silage, three were unique to water tanks, one was unique to milk socks, one was found only in starling (Sturnus vulgaris) feces, and one was found only in commodity yard dust (Fig. 2) .
We found that 53% of the positive fecal samples from TP 1 contained more than one pulsovar (average of two), whereas 94% of positive fecal samples from TP 2 contained more than one pulsovar (average of three); the difference was statistically significant (P Ͻ 0.001). The maximum number of AscI pulsovars isolated from a fecal sample from one cow was six. Multiple serotypes were isolated from individual fecal samples from six cows, with a maximum of four different serotypes isolated from one fecal sample (Fig. 3) .
PFGE subtyping of environmental and bovine listeriosis strains. As part of a separate project (4), regional farm-associated L. monocytogenes strains were compared to other Pacific Northwest human listeriosis strains by using PFGE (AscI). Interestingly, the farm A listeriosis isolate (LMB 468) was found to be closely related to a bovine listeriosis isolate from farm B (LMB 113). Further PFGE analysis (ApaI) showed that although LMB 113 had AscI and ApaI PFGE patterns that were distinct from farm B environmental isolates, it was identical to two fecal isolates obtained from two farm A asymptomatic cows (Fig. 4) .
Microarray analysis. A subset of strains including the bovine listeriosis strains (LMB 468 and 113), farm A environmental strains of identical, similar, or different PFGE subtypes, and farm-associated strains not associated with farm A or B were hybridized to a mixed genome DNA L. monocytogenes microarray (5) for genetic comparison and subtyping (Fig. 5 ). Strains were grouped according to phylogenetic division (6, 16, 21) and PFGE subtype, and these groupings were supported by high bootstrap values. Strains from farm A that were not similar by PFGE grouped separately. However, stepwise discriminant analysis (NCSS Statistical Software) failed to identify any probe unique to both bovine listeriosis strains (LMB468 and LMB113).
DISCUSSION
As part of a previous study, PFGE restriction enzyme digestion profiles obtained from farm A strains were compared to those of other regional human and farm L. monocytogenes strains (4). Interestingly, the PFGE subtype of the farm A bovine listeriosis isolate was closely related to an isolate obtained from a bovine listeriosis case that had occurred a year earlier on a different dairy farm (i.e., farm B). In addition, both bovine clinical isolates had PFGE subtypes that were identical or closely related to fecal strains present on farm A (Fig. 4) . The farms were separated by a distance of approximately 50 miles, and no epidemiological link was identified (such as shared source of cattle, feed, silage, water, equipment, common veterinarian, or other personnel) based on interviews with the farm owners. To better understand the ecology and epidemiology of farm A, samples were collected at two time points over a period of 9 months. Although silage storage conditions had improved by TP 2, the diversity of strains on the dairy farm increased. In particular, although fewer silage samples were positive at TP 2, a significantly greater percentage of cows were asymptomatically shedding L. monocytogenes in their feces. Studies have shown that up to 52% of asymptomatic cattle shed L. monocytogenes in their feces (13, 22) . A recent study by Nightingale et al. (13) found that cattle farms with at least one recent on October 1, 2017 by guest http://aem.asm.org/ listeriosis case had L. monocytogenes in 32% of fecal samples, whereas control farms with no listeriosis cases had a lower prevalence of L. monocytogenes in fecal samples (22%). Therefore, the rate of fecal shedding at farm A was exceptionally high at both time points. The diversity of serotypes and PFGE subtypes in individual fecal samples also increased between time points. These data suggest that numerous subtypes were established on farm A, likely initiating a cycle of fecal spread and oral infection of cattle. It is likely that fecal shedding also led to contamination of water tanks and milk socks. In addition, the manure produced by the cattle was used to fertilize the corn fields that were later used for silage production.
The percentage of isolates belonging to serotypes 1/2a and 1/2b did not change significantly between time points; however, a significantly greater percentage of samples belonged to serotype 4 in TP 1 compared to TP 2. The percentage of each serotype also varied with sample type (Fig. 1) ; however, serotype 1/2a was the dominant serotype for all sample types at both time points. Although the reason for the dominance of serotype 1/2a is unclear, a previous study demonstrated that strains belonging to phylogenetic division I are generally more Reoccurrence of PFGE subtypes in asymptomatic cows. Individual fecal samples were collected from 20 cows at both time points, and all cows that tested positive for L. monocytogenes contamination at TP 1 were also positive at TP 2. PFGE subtyping of the fecal isolates showed that 12 of the 20 cows infected at both time points shed different AscI pulsovars at different time points. The remaining eight cows had one to two of the same pulsovars present in their feces at both time points; however, five of these eight cows had additional pulsovars present in their fecal samples not isolated at both time points. A single pulsovar (LMB 1044) accounted for six of the nine pulsovars isolated at both time points. Because this pulsovar was commonly isolated from environmental samples at both time points (including silage and feed; Fig. 1) , it is likely that these cows were reinfected by feed, silage, and/or water. Alternatively, reoccurring strains may able to colonize the gastrointestinal tract and cause chronic shedding.
Microarray analysis. The presence of strains with similar or identical PFGE subtypes in the brain tissue of cows suffering from listeriosis and in the feces of asymptomatic cows may be due to genetic differences not detected by PFGE subtyping contributing to strain virulence. Therefore, bovine listeriosis strains LMB 468 and 113 and genetically similar fecal strains LMB 630, 679, 680, and 789 were subtyped by using DNA microarray analysis to identify genetic differences that may account for differential virulence. As with previous studies (2, 5, 7) , microarray subtyping grouped identical PFGE subtypes together and distinct from other PFGE subtypes present on the farm (Fig. 5) . None of the ten strains collected from other farms or bulk milk tanks grouped with LMB 468 or 113. Four probes were identified that differentiated each clinical isolate from the environmental strains that clustered within the same microarray group (Fig. 5) . Interestingly, although these four probes distinguished each clinical isolate from the environmental strains that grouped within the same microarray cluster, the signal intensities of the four probes did not correspond for the two clinical isolates (for example, the signal intensity was high for one clinical strain but low for the other clinical strain). All four of these probes had highest sequence similarity to phage proteins, indicating that the phage sequence was present in one clinical isolate but not the other.
Although human listeriosis is primarily a food-borne illness, bovine listerial encephalitis may be caused by factors other than invasion of the gastrointestinal tract. In particular, direct infection of the trigeminal nerve may occur during changes in dentition, leading to bovine listerial encephalitis (23) . Therefore, a variety of risk factors, including strain virulence, route of entry, dose, host immune response, and physical stresses (calving, concurrent disease, etc.), may contribute to the occurrence of bovine listeriosis (19) . Therefore, the inability of microarray analysis to identify probes characteristic of both listeriosis isolates may be due to assay format (not all open reading frames of the genome are represented on this array) or the influence of other risk factors mentioned previously that contribute to the clinical outcome of infection.
In conclusion, subtyping of 538 isolates from farm A revealed that the farm was contaminated with a diversity of L. monocytogenes subtypes. Silage contamination and fecal shedding were the major sources of strains, and although silage contamination decreased over time, fecal shedding increased. Numerous fecal samples collected directly from individual cattle yielded multiple serotypes and pulsovars. Serotype 1/2a was the most prevalent serotype isolated at both time points. Bovine listeriosis strains were identical or closely related to strains isolated from the feces of asymptomatic cows by PFGE and microarray subtyping. 
